UPase expression and activity measurement
Expression of UPase1 was analyzed with Western blot analysis using a polyclonal antibody developed in our lab (supplementary 3 H] uracil using high-performance liquid chromatography (HPLC) and scintillation counting. Both methods have been described previously ( 19 ) .
Liver uridine and ␤ -alanine measurement
Liver uridine and ␤ -alanine were determined using HPLC as described previously ( 20 ) .
Liver sample preparation for CARS imaging
Liver was perfused with phosphate buffered saline prior to collection. Then, whole liver tissues were sliced with an oscillating tissue slicer (EMS 4500, Electron Microscopy Sciences, Hatfi eld, PA) into 200 micron thick sections. Liver tissue sections were transferred into glass-bottom, chambered slides and examined with coherent anti-Stokes Raman scattering (CARS) microscopy.
Measurement of liver free fatty acids and triacylglycerides
Liver samples of equal weight ( ‫ف‬ 40 mg) from each animal group were used for chloroform/methanol total lipid extraction. The recovered organic phases containing lipid were dried and reconstituted in equal volumes ( ‫ف‬ 100 µl) of chloroform/methanol. Liver triacylglyceride (TAG) levels for nine mice per animal group were determined using the Triacylglyceride Quantifi cation Kit (Cat. No. 10010303, Cayman Chemical, Ann Arbor, MI) and normalized with liver tissue weight. In addition, approximately 50 µl of each liver lipid sample (three mice per animal group) was used for evaluation with LC-MS as previously described ( 21 ) .
Primary hepatocyte isolation and culturing
Mouse hepatocytes were isolated using a two-step collagenase perfusion technique described previously ( 22 ) . Culture medium consisted of DMEM/F12 supplemented with 10% FBS, 20 ng/ml epidermal growth factor, 40 ng/ml dexamethasone, 1× insulin/ transferrin/selenium supplement, and MycoZap Plus-PR antibiotic mixture. Viability ranged from 70-80% as determined by trypan blue exclusion. Hepatocyte enrichment 4 h after plating reached approximately 90-95%. At 6 h after the initial isolation, hepatocytes were treated with 100 M uridine for 24 h at 37°C and 5% CO 2 .
CARS microscopy
The experimental setup of a home-built CARS microscope has been described previously ( 23 ) . The vibrational frequency used for lipid imaging was fi xed at 2,851 cm
. Images were acquired at approximately 1 s per frame. Approximately 20 and 31 frames were taken along the vertical axis at 1 m intervals for volumetric imaging of primary hepatocytes and liver tissues, respectively. Liver lipid level measurement based on CARS signal intensity has been described in detail previously ( 24 ) . Briefl y, after subtraction of nonresonant signal and signal arising from cellular membrane, the square root of resonant signal intensity yields a numerical value for the liver lipid level ( 25, 26 ) . The liver lipid level was normalized to 1 for wild-type, untreated mice and respectively for UPase1 -TG mice . Quantitative analysis was performed using the National Institutes of Health ImageJ software.
Screening for the effects of inhibitors and intermediates of pyrimidine biosynthesis pathway on lipid phenotype of primary hepatocytes
Inhibitors and intermediates were added to cultures of primary hepatocytes at 6 h post isolation and density of 2 × 10 5 a highly regulated manner by new uridine formed by de novo synthesis ( 14 ) . It is plausible that continuous uridine degradation and formation in the liver is necessary for homeostatic control of plasma uridine concentration. Hence, the liver is a suitable tissue for the evaluation of uridine homeostasis and its impact on hepatic cellular function.
Previously, we reported that uridine homeostasis is regulated by uridine phosphorylase 1 (UPase1, encoded by UPP1 gene), an enzyme that catalyzes the reversible conversion of uridine into uracil ( 15 ) . UPase Ϫ / Ϫ mice with genetic deletion of UPP1 gene exhibited a 6-fold increase and a 3-fold increase in the plasma and liver uridine concentration, respectively ( 15, 16 ) . In this study, we generate a transgenic UPase1 -TG mouse strain with genetic knock-in of mouse UPP1 gene. We aim to evaluate the impact of constitutive overexpression of UPase1 on liver uridine homeostasis. We anticipate that our study will shed light on the roles of uridine on hepatic cellular function.
MATERIALS AND METHODS

Animals
Two mice strains were used in our experiments, C57BL/6 mice or wild-type (WT) mice (Jackson Laboratories, Bar Harbor, ME) and UPase1 -TG mice generated specifi cally for this study. All mice used were male at 10-12 weeks of age. All animal studies were performed with the approval of the Nevada Cancer Institute and Desert Research Institute Animal Care and Use Committee. All mice were fed with PicoLab Mouse Diet 20 ground pellets (Cat. No. 5058, LabDiet, Brentwood, MO) that provide 4.6 kcal/ gram and consist of 22% protein and 9% fat. The lipid composition of the diet includes cholesterol (200 ppm), linoleic acid (2.32%), linolenic acid (0.21%), arachidonic acid (0.02%), and omega-3 fatty acids (0.32%). The total saturated fatty acids and monounsaturated fatty acids are 2.72% and 2.88%, respectively. For mice receiving supplementation, uridine was thoroughly mixed with ground pellets. Approximate daily dosages of uridine were 400 mg per kg body weight per day. Mice received uridine supplementation for fi ve days prior to terminal collection of liver samples for analysis.
UPase1 -TG mice generation
We generated a conditional UPase1 -TG mouse model targeted at the ROSA26 chromosomal locus (supplementary Fig.  IA) ( 17 ) . The targeting construct contains the UPase1 coding sequence driven by the CAGGS promoter, a hybrid chicken ␤ -actin and cytomegalovirus promoter that was active in almost all tissues in vivo ( 18 ) . The promoter and UPase1 coding sequence were interposed by a neomycin resistance cassette, which was fl anked by loxP sites. Pronuclear microinjection of the transgene construct and subsequent screening was performed by the Animal Genomics Services Core at Yale University School of Medicine. Transgene insertion at the ROSA26 locus was confi rmed by Southern blot analysis (supplementary Fig. IB) . Gene expression "knock-in" was achieved by crossing these transgenic mice with mice expressing Cre-recombinase in the desired tissue, which excised the loxP sites and released a neomycin resistance cassette allowing CAGGS-driven expression of UPase1. These mice were crossed with FVB/N-Tg(ACTB-cre)2Mrt/J mice (Jackson Laboratories), in which Cre expression was driven by the ubiquitous ␤ -actin promoter. 
2-D Western blots and protein identifi cation with MALDI-TOF-MS
Both 2-D Western blots and protein identifi cation were performed by Applied Biomics (Hayward, CA). Briefl y, 150 µg of protein from each liver tissue were loaded for 2-D gel electrophoresis, with the fi rst dimension on immobilized pH gradient strips for isoelectric focusing and the second dimension on SDS-PAGE gels. 2-D gels were transferred to PVDF membrane and probed with primary anti-acetylated lysine antibody (rabbit) and secondary Cy3-labeled donkey anti-rabbit IgG antibody. Immuno-positive acetylated protein spots on 2-D Western blots were identifi ed and corresponding spots from duplicate fl uorescent dye-labeled 2-D gels were picked automatically with an Ettan Spot Picker. The 2-D gel spots were subjected to in-gel trypsin digestion, peptide extraction, desalting, and then mixed with ␣ -cyano-4-hydroxycinnamic acid (CHCA) matrix and spotted into wells of a MALDI plate for MALDI-TOF-MS identifi cation. Mass spectra of peptides were obtained with an Applied Biosystems proteomics analyzer. Ten of the most abundant peptides in each sample were subjected to fragmentation and further analysis with tandem mass spectrometry (MS/MS). Protein identifi cation was based on peptide fi ngerprint mass mapping with MS spectra and peptide fragmentation mapping with MS/MS spectra. Database search were performed using the combined MS and MS/MS spectra and the GPS Explorer software equipped with the MASCOT search engine to identify proteins from primary sequence databases. The best match for each 2-D gel spot was presented in the Table 2 . As a control, duplicate liver protein samples were also sent to Kendrick Laboratories (Madison, WI) for 2-D Western blots for independent verifi cation of uridine effect on liver protein acetylation profi le.
RESULTS
UPase1 -TG mice exhibit depletion of endogenous plasma and tissue uridine
Consistent with our expectation, Western blot analysis revealed an ubiquitous overexpression of UPase1 in the liver tissue ( Fig. 1A ) , as well as in other tissues (supplementary Fig. IIA) , of UPase1 -TG mice compared with wildtype mice. UPase enzymatic activity in the liver tissue of UPase1 -TG mice was 25-fold higher than that of wild-type mice ( Fig. 1B ) . The liver uridine level of UPase1 -TG mice was 13-fold lower than that of wild-type mice ( Fig. 1C ) . The liver ␤ -alanine level, which was the product of uridine catabolism, was more than 2-fold higher in UPase1 -TG mice compared with wild-type mice ( Fig. 1D ) . Overall, plasma cells per ml and incubated for 24 h at 37°C and 5% CO 2 . The fi nal concentration of inhibitors were 50 nM for brequinar, N -(phosphonacetyl)-l-aspartate (PALA), pyrazofurin (PYR), 5-benzylacyclouridine (BAU), and 5-(2-bromovinyl)uracil (BVU). The fi nal concentrations of intermediates were 10 M for orotate and 100 M for uridine and uracil. Hepatocytes were examined with CARS microscopy to evaluate the presence of intracellular lipid accumulation.
DHODH enzymatic assay
The cloning and expression of recombinant dihydroorotate dehydrogenase (DHODH) were described previously ( 27 ) . The DHODH enzymatic assay was performed in 100 mM HEPES at pH 8.0, 150 mM NaCl, 10% glycerol, 0.05% Triton X-100, 20 ( 28 ) . Final DHODH enzyme concentration in each reaction was 50 nM. At 30°C, the oxidation of DHO by DHODH was coupled to the reduction of the chromogen and electron acceptor DCIP. Therefore, DHODH enzymatic activity is measured as a function of the loss of A 600 nm of DCIP due to its reduction. DHODH enzymatic activity was determined using the initial linear range.
Measurement of NAD
+ /NADH and NADP + /NADPH ratios NAD + /NADH and NADP + /NADPH ratios were measured from liver tissue lysates using commercially available kits according to manufacturer's protocols (Cat. Nos. K337-100 and K347-100, BioVision, Milpitas, CA). The liver tissues from at least six mice per animal group were used for measurement.
Fatty acid ␤ -oxidation measurement
Rates of ␤ -oxidation in primary hepatocytes were measured following previously published methodology ( 29 ) . Briefl y, 50 Ci of [9,10(n)-3 H]palmitic acid was added to 2.2 mM unlabeled palmitic acid and evaporated to dryness. The fatty acid was resuspended in 300 l Krebs-Ringer buffer containing 10 mg/ml BSA at 37°C for 30 min. The reaction mixture was diluted with Krebs-Ringer buffer to a fi nal concentration of 110 M palmitic acid and specifi c radioactivity of 5-7E4 cpm /nmol. Primary hepatocytes were plated in 24-well dishes at 70% confl uency. After overnight incubation, the monolayers were washed with PBS and then incubated with 200 l of the palmitic-acid reaction mixture. For inactivated controls, cells were treated with 200 l absolute methanol for 1 min before the addition of the reaction mixture. The cultures were incubated at 37°C for 2 h. The reaction mixture was removed, and the cells washed twice with 200 l of PBS. The fi nal combined reaction mixture and washes were transferred to AG1-8× columns converted to the hydroxide form to separate 3 H 2 O from the unreacted substrate. 3 H 2 O was eluted twice with 1 ml of deionized water and collected in scintillation counting vials. Scintillant (10 ml) was added to each milliliter of eluant, and the samples were counted with a Beckman LS6500 scintillation counter. The reaction rate was expressed as nmol 3 H 2 O/h/mg protein. All experiments were performed in triplicate.
1-D Western blots
Total-cell extracts and mitochondrial fractions of the liver tissues were analyzed on 10% SDS-polyacrylamide gel and transferred onto nitrocellulose membrane (Cat. No. BA83, Whatman, Piscataway, NJ). Transferred membrane was blocked with 5% milk and 0.1% Tween-TBS. 
UPase1 -TG mice exhibit hepatic microvesicular steatosis
Next, we applied coherent CARS microscopy, a labelfree vibrational imaging technique highly sensitive to the detection of hepatic microvesicular steatosis ( 24 ) , to examine the relationship between uridine homeostasis and liver lipid metabolism. Surprisingly, CARS imaging revealed that the livers of UPase1 -TG mice exhibited microvesicular steatosis ( Fig. 2A ). Quantitative analysis with CARS microscopy revealed that UPase1 -TG mice had three times the liver lipid level than wild-type mice ( Fig. 2B ). Dietary supplementation with 400 mg/kg/ day of uridine suppressed hepatic microvesicular steatosis of UPase1 -TG mice ( Fig. 2A, B ) . Thus, it is likely that endogenous uridine depletion in UPase1 -TG mice was the cause of hepatic microvesicular steatosis. In contrast, wild-type mice fed with 400 mg/kg/day of uridine exhibit wild-type liver lipid phenotype ( Fig. 2A, B ). Thus, high uridine level due to exogenous dietary supplementation was well-tolerated by the liver. CARS measurement of liver lipid phenotype concurred with established methods of lipid measurement using biochemical and LC-MS assays ( Fig. 2C-E ) . The difference in magnitude between measurement methods was likely due to different and tissue uridine levels were markedly lower in UPase1 -TG mice compared with wild-type mice ( Table 1 and UPase1 -TG mice exhibit wild-type blood chemistry, mitochondrial biogenesis and fatty acid metabolism gene expression, and mitochondrial morphology and membrane potential
Despite the depletion of endogenous uridine level, UPase1 -TG mice exhibited wild-type characteristics on many biochemical and physiological benchmarks evaluated. In addition to wild-type growth rate and body phenotype, clinical pathology evaluation revealed that UPase1 -TG mice exhibited wild-type blood chemistry (supplementary Fig. IIIA ) and hematology (data not shown). There was no statistically signifi cant difference between the liver weights of wild-type mice and UPase1 -TG mice (data not shown). Gene expression profi ling of 84 genes encoding for mitochondrial biogenesis and 84 genes in fatty acid metabolism of the liver tissues revealed no statistically signifi cant difference in expression level of UPase1 -TG mice compared with wild-type mice (supplementary Fig. IIIB, C) . Furthermore, we found no difference in the liver mitochondrial morphology (supplementary Fig. IIID) or membrane potential higher liver ␤ -alanine concentration. Error bars are standard deviations of measurements of three mice per animal group. * P < 0.05, ** P < 0.01, *** P < 0.001 versus WT control. P values were calculated using Excel's paired Student t -test function. UPase1 -TG hepatocytes after 24 h or EC 50 was approximately 20 M ( Fig. 3B ) . Complete suppression of microvesicular steatosis of UPase1 -TG hepatocytes was achieved with exogenous uridine concentration of 50-100 M ( Fig. 3B ) . The effective uridine dosage observed in our experiment was consistent with a previous report on the dose response of uridine to reverse the adverse effects by nucleoside reverse transcriptase inhibitors (NRTI) on adipocyte function ( 30 ) . In contrast, wild-type hepatocytes exhibited no change to lipid phenotype in the absence or presence of uridine supplementation ( Fig. 3A, B ) .
Uridine suppresses brequinar-and orotate-induced steatosis in primary hepatocytes
To identify the potential cause of liver lipid phenotype, we screened for the effects of inhibitors and intermediates interrogation approaches, in which CARS probed for C-H vibration, TAG biochemical measurement probed for TAG hydrolysis, and LC-MS probed for specifi c FFA or TAG species.
Uridine suppresses hepatic microvesicular steatosis in UPase1 -TG mice with an EC 50 value of approximately 20 M Next, we evaluated the effective concentration of exogenous uridine for the suppression of microvesicular steatosis associated with the UPase1 -TG genotype in primary hepatocytes. CARS imaging revealed that primary hepatocytes of both wild-type and UPase1 -TG mice faithfully reproduced their in vivo phenotypes ( Fig. 3A ) . UPase1 -TG hepatocytes exhibited a dose-dependent response to exogenous uridine supplementation. The concentration of uridine that caused a 50% suppression of microvesicular steatosis of ( Fig. 4D ) .
Inhibition of uridine catabolism suppresses steatosis in
UPase1 -TG primary hepatocytes
Similarly, we screened for the effect of inhibitors and intermediates of the pyrimidine biosynthesis pathway on UPase1 -TG primary hepatocytes with CARS microscopy. Of the inhibitors evaluated, brequinar aggravated the lipid phenotype of UPase1 -TG primary hepatocytes ( Fig. 4E ) . Benzylacyclouridine (BAU), an inhibitor of UPase enzymatic activity, and bromovinyl uracil (BVU), an inhibitor of dihydropyrimidine dehydrogenase (DPD), which is an enzyme immediately downstream of UPase in the uridine catabolism pathway, suppressed the lipid phenotype of UPase1 -TG primary hepatocytes ( Fig. 4E ) . Of the intermediates evaluated, orotate aggravated the lipid phenotype of UPase1 -TG primary hepatocytes ( Fig. 4F ) . Uridine and uracil suppressed the lipid phenotype of UPase1 -TG primary hepatocytes ( Fig. 4F ) . It is necessary to point out that UPase1 catalyzes a reversible conversion of uridine to uracil ( 32 ) . Hence, an increase in uracil concentration would also lead to an increase in uridine. Our data revealed that inhibition of DHODH aggravated lipid phenotype of UPase1 -TG primary hepatocytes. In contrast, inhibitors or intermediates of the pyrimidine biosynthesis pathway that conserved or elevated uridine concentration suppressed the lipid phenotype of UPase1 -TG primary hepatocytes.
Uridine has no effect on in vitro DHODH enzymatic activity
To determine whether uridine reversed the lipid phenotype of hepatocytes by acting directly on DHODH, we evaluated in vitro the enzymatic activity of purifi ed recombinant DHODH in the presence or absence of uridine. In vitro DHODH enzymatic activity was determined indirectly through the disappearance of absorbance at 600 nm wavelength due to the reduction of the chromogen 2,6-dichloroindophenol (DCIP) ( 27, 33 ) . We found that the addition of 50 nM brequinar and 10 M orotate suppressed DHODH enzymatic activity by 50% and 25%, respectively ( Fig. 5A , B ) . In contrast, addition of 100 M uridine had no impact on DHODH enzymatic activity. Although uridine supplementation suppressed the brequinarinduced lipid phenotype in primary hepatocytes ( Fig. 4D ) , the addition of uridine did not reverse the inhibition of DHODH enzymatic activity by brequinar ( Fig. 5A, B ) . Our data suggest that uridine did not exert its protective effect against hepatic microvesicular steatosis by acting directly on DHODH.
Uridine induces changes to liver NAD + /NADH and NADP + /NADPH ratios and rates of fatty acid ␤ -oxidation
On the other hand, uridine supplementation induced a number of changes to the molecular profi les of liver tissues and primary hepatocytes. We found that the liver tissues of wild-type and UPase1 -TG mice fed with uridine exhibited elevated NAD + /NADH ratio compared with untreated control mice ( Fig. 6A ) . In contrast, the NADP + /NADPH of the pyrimidine biosynthesis pathway ( Fig. 4A ) on wildtype primary hepatocytes with CARS microscopy. We found that among the inhibitors evaluated, only the addition of brequinar, an allosteric inhibitor of DHODH, induced intracellular lipid accumulation ( Fig. 4B ) . On the other hand, of the intermediates evaluated, only the addition of orotate, an end product of DHODH enzymatic activity, induced intracellular lipid accumulation ( Fig. 4C ) . Our data suggested that either allosteric or end-product inhibition of DHODH was suffi cient to induce lipid phenotype of primary hepatocytes. DHODH catalyzes the only mitochondrial step in nucleotide rings biosynthesis. DHODH also represents the only step of all anabolic pathways of nucleotide and amino acid biosynthesis that depends strictly on the presence of oxygen ( 7 ) . It is widely believed that respiratory chain-coupled DHODH links mitochondrial energy metabolism with pyrimidine biosynthesis ( 7, 31 ) . Thus, it is plausible that brequinar or orotate induced lipid phenotype of primary hepatocytes through the inhibition of DHODH and, subsequently, ratio was reduced in the liver tissues of both wild-type and UPase1 -TG mice fed with uridine compared with untreated control mice ( Fig. 6B ) . In isolated primary hepatocytes, the fatty acid ␤ -oxidation rate of UPase1 -TG hepatocytes was approximately 25% lower than wild-type hepatocytes ( Fig. 6C ) . Uridine supplementation partially restored the fatty acid ␤ -oxidation rate of UPase1 -TG hepatocytes, whereas it had no signifi cant impact on the fatty acid ␤ -oxidation rate of wild-type hepatocytes ( Fig. 6C ).
1-D Western blots reveal reduced liver protein acetylation profi le of UPase1 -TG mice due to uridine supplementation
Changes to the NAD + /NADH ratio due to uridine supplementation would likely affect the activity of NAD + -dependent deacetylases. Thus, we evaluated the liver protein acetylation profi le with 1-D Western blots using antibodies against acetylated lysine residues. Consistent with many previous reports ( 34-36 ), we observed that mitochondrial fractions contributed signifi cantly to the overall liver protein acetylation profi le ( Fig. 7A , B ) . Uridine supplementation had no observable impact on the liver protein acetylation profi le of wild-type mice in either total-cell extracts or mitochondrial fractions. In contrast, uridine supplementation caused a reduction in the liver protein acetylation profi le of UPase1 -TG mice in both total-cell extracts and mitochondrial fractions ( Fig. 7A, B ) . Because protein acetylation is regulated by a family of NAD + -regulated deacetylases ( 37 ), we evaluated the protein expression of Sirt1 and Sirt3 with 1-D Western blots ( Fig. 7C, D ) . Sirt1 was found only in the total-cell extracts and not in the mitochondrial fractions; whereas, Sirt3 was found in both total-cell extracts and mitochondrial fractions. Both Sirt1 and Sirt3 protein expression level were unaffected by uridine supplementation in either wild-type or UPase1 -TG mice ( Fig. 7C-F ) . Our data suggest that decreases in liver protein acetylation profi le in UPase1 -TG mice treated with uridine are due to changes in the enzymatic activities of Sirt1 and Sirt3 (supplementary Fig. IV) and not their expression level.
2-D Western blots reveal changes to hepatic protein acetylation profi le due to uridine supplementation
We further evaluated the protein acetylation profi les of liver total-cell extracts with 2-D Western blots using antibodies against acetylated lysine residues. 2-D Western blots + /NADPH ratio in the livers of both wild-type and UPase1 -TG mice. Error bars represent standard deviation across six mice analyzed per animal or treatment group. (C) Uridine supplementation at 100 M increases the fatty acid ␤ -oxidation rate of the UPase1 -TG primary hepatocytes while having no impact on the fatty acid ␤ -oxidation rate of the wild-type primary hepatocytes. Error bars are standard deviations of triplicate measurements. * P < 0.05, ** P < 0.01, *** P < 0.001 versus WT control (black asterisks) or UPase1 -TG control (gray asterisks). P values were calculated using Excel's paired Student t -test function.
revealed that uridine supplementation induced signifi cant changes to the liver protein acetylation profi le in both wild-type and UPase1 -TG mice ( Fig. 8 and supplementary Figs. V and VI). For wild-type mice fed a control diet, 22 protein spots were identifi ed that were positively immuno-labeled with antibodies against acetylated lysine ( Fig.  8 , white circles) . Wild-type mice fed with a uridine-supplemented diet exhibited 34 immuno-positive spots, or 12 more new spots, compared with wild-type mice fed a control diet ( Fig. 8 , cyan circles) . On the other hand, UPase1 -TG mice fed a control diet exhibited 26 immunopositive spots ( Fig. 8 , white circles) . UPase1 -TG mice fed with a uridine-supplemented diet exhibited 52 immunopositive spots, or 26 more new spots, compared with UPase1 -TG mice fed with a control diet ( Fig. 8 , cyan circles) .
In addition, 10 immuno-positive spots exhibited increases in signal intensity due to uridine supplementation in both wild-type and UPase1 -TG mice ( Fig. 8 , yellow  circles) .
Identifi cation of acetylated proteins with MALDI-TOF-MS
To identify the acetylated proteins affected by uridine supplementation, the immuno-positive spots were picked and identified with MALDI-TOF-MS). Of the total 55 immuno-positive spots, 42 unique proteins were identifi ed ( Table 2 and supplementary Table I ). Many proteins were present in multiple spots due to possible posttranslational modifi cations. Eight immuno-positive spots containing 7 specifi c proteins were acetylated due to uridine supplementation in both wild-type and UPase1 -TG mice ( Table 2 , highlighted box). These 7 proteins participate in antioxidation (catalase and superoxide dismutase), urea/ tricarboxylic cycle (delta-1-pyrroline-5-carboxylate dehydrogenase), pyrimidine metabolism (methylmalonate-semialdehyde dehydrogenase), cholesterol/steroid metabolism (hydroxymethylglutaryl-CoA synthase), oxidation-reduction (alcohol dehydrogenase 1), and amino acid metabolism (betaine homocysteine S-methyltransferase 1). In addition, 9 specifi c proteins were identifi ed out of the 10 immunopositive spots that exhibited increased signal intensity due to uridine supplementation in both wild-type and UPase1 -TG mice. Eight of these 9 proteins participate in amino acid metabolism (argininosuccinate synthase), lipid metabolism (3-ketoacyl-CoA thiolase B, peroxisomal acyl-CoA oxidase 1), protein translation (elongation factor 1-␣ 1), ketone body metabolism (D-␤ -hydroxybutyrate dehydrogenase), glycolysis (fructose-bisphosphate aldolase B, glyceraldehyde-3-phosphate dehydrogenase), and purine metabolism (uricase). The function of the other protein, Protein NipSnap homolog 1, is currently unknown. The acetylated proteins reported in this work were also identifi ed in previous comprehensive liver acetylome analyses (38) (39) (40) . Although we identifi ed only 42 acetylated proteins in this study, previous studies have identifi ed as many as 1,047 acetylated proteins in human liver ( 38 ) and 195 acetylated proteins from mouse liver ( 39 ) . Our 2-D Western blots revealed that uridine supplementation increased the acetylation of the identifi ed proteins in both wildtype and UPase1 -TG mice. In contrast, 1-D Western blots showed that uridine supplementation reduced the total protein acetylation profi le of UPase1 -TG mice. It is possible that while some proteins were acetylated, other proteins were deacetylated due to uridine supplementation. Increased NAD + /NADH ratio with uridine supplementation ( Fig. 6A ) is likely to activate NAD + -regulated deacetylases, leading to protein deacetylation. On the other hand, uridine catabolism can lead to increases of the cellular acetylCoA pool, leading to increased protein acetylation ( Fig. 4A ). The precise effect of uridine on protein acetylation or deacetylation is unclear. Nonetheless, our proteomic data reveal that uridine supplementation modifi es the acetylation profi le of metabolic, oxidation-reduction, and antioxidation enzymes. Data are normalized to 1 for WT untreated mice, and respectively for UPase1 -TG mice. Error bars are standard deviations across three mice per animal group evaluated. * P < 0.05, ** P < 0.01, *** P < 0.001 versus WT control (black asterisks, TCE; gray asterisks, Mito). P values were calculated using Excel's paired Student t -test function.
DISCUSSION
In this study, we generated a transgenic mouse model UPase1 -TG with genetic knock-in of UPase1 to study the roles of uridine homeostasis in liver function. Compared with wild-type mice, UPase1 -TG mice had severe reduction of plasma and tissue uridine concentration due to elevated expression and activity of UPase1. In addition, UPase1 -TG mice exhibited hepatic microvesicular steatosis, which could be suppressed with exogenous uridine supplementation at 400 mg/kg/day. In primary UPase1 -TG hepatocytes, the EC 50 value for uridine to suppress intracellular lipid accumulation was approximately 20 M. In contrast, uridine supplementation at 400 mg/kg/day for wild-type mice or at 100 µM for primary hepatocytes did not cause any observable intracellular lipid accumulation. Taken together, our data reveal that uridine is critical for the maintenance of a fat-free liver. High uridine concentration is well-tolerated by the liver in term of lipid phenotype, whereas depletion of uridine causes hepatic microvesicular steatosis.
We found that the pyrimidine biosynthesis and catabolism pathway is linked to fatty liver via two possible mechanisms: i ) inhibition of the mitochondrial membrane-bound and respiratory chain-coupled DHODH enzyme and ii ) overexpression of the UPase1 enzyme, which causes depletion of endogenous uridine level. Consistent with our observation, orotate was reported to induce fatty liver in rodents more than half a century ago ( 41 ) , but the precise mechanism has yet to be delineated ( 42 ) . Our data suggest that orotate causes fatty liver by impairing hepatic mitochondrial respiration via inhibition of DHODH enzymatic activity. Surprisingly, uridine suppressed intracellular lipid accumulation induced by orotate or brequinar, an endproduct inhibitor and an allosteric inhibitor of DHODH enzymatic activity, respectively. In fact, uridine has been supplementation also suppressed liver lipid phenotype. Clearly, uridine is an important molecule in the regulation of liver lipid metabolism.
Interestingly, we found that uridine supplementation induced changes to the liver protein acetylation profi le. Most of the proteins, whose acetylation profi les were affected by uridine supplementation, participate in cellular metabolism, oxidation reduction, and antioxidation processes. Consistently, uridine supplementation also induced used as a therapy for orotic aciduria, a hereditary condition characterized by excessive excretion of orotic acid in urine ( 43 ) . Because uridine did not have any effect on DHODH enzymatic activity, it is likely that uridine reversed orotate-induced hepatic intracellular lipid accumulation via means other than the modulation of DHODH enzymatic activity. On the other hand, restoring uridine concentration in UPase1 -TG mice via inhibition of endogenous uridine catabolism or via exogenous uridine changes to the NAD + /NADH and NADP + /NADPH ratios, which are coenzymes crucial for cellular metabolism, oxidation reduction, and antioxidation processes. In recent years, evidence in the literature supports the regulation of cellular energy metabolism by protein lysine acetylation ( 44 ) . Protein lysine acetylation is a prevalent postgenomic modifi cation of nearly all enzymes participating in cellular energy metabolism in the liver tissue ( 38 ) . Indeed, acetylation is emerging as a general mechanism that controls cellular adaptation to changes in energy metabolism ( 45 ) . The regulation of metabolic enzymes by acetylation remains to be elucidated ( 46 ) ; nonetheless, it is plausible that uridine modulates liver protein acetylation profi le, leading to the suppression of fatty liver.
The precise mechanisms underlying the relationship between uridine homeostasis and fatty liver remain to be elucidated. In this work, we report the effect of uridine on the modulation of liver protein acetylation profi le and the suppression of hepatic microvesicular steatosis. A previous study independently reported gene expression regulation of a liver-specifi c uridine phosphorylase by multiple lipidsensing nuclear receptors ( 47 ) . This observation suggests TABLE 2. Uridine induces changes to the protein acetylation profi le -, absence of acetylated protein; √ , presence of acetylated protein; √ √ , increase in expression of acetylated protein due to uridine supplementation; bold font, proteins with multiple spots on 2-D gel; highlighted box, proteins acetylated due to uridine supplementation in both wild-type and UPase1 -TG mice. WT, wild-type. a potential role of the nuclear receptor signaling pathway in linking liver lipid metabolism and uridine homeostasis. When considering the tight regulation of uridine concentration by the liver ( 14 ) , it is conceivable that uridine homeostasis plays a critical role in liver energy metabolism. The UPase1 -TG mouse strain generated for this work and the UPase Ϫ / Ϫ mouse strain generated previously ( 15 ) provide suitable animal models for future in-depth investigation into the relationship between uridine homeostasis and liver health. Fatty liver is a becoming a prevalent medical condition in the United States due to the obesity epidemic in young children ( 48 ) , the aging population ( 49, 50 ) , and the widespread use of prescription drugs ( 51 ) . Fatty liver is also an established risk factor for fatty liver disease ( 52 ) . Clinical treatment of fatty liver relies mainly on the management of the underlying medical condition, such as diabetes, obesity, or hyperlipidemia ( 53 ) . Currently, there is no known direct treatment of fatty liver condition ( 53 ) . Given the link between uridine homeostasis, pyrimidine metabolism, and liver lipid accumulation, there is a potential for the use of nucleosides and nucleoside analogs in the treatment of fatty liver condition.
